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Summary
Calmodulin regulates ryanodine receptor-mediated
Ca2+ release through a conserved binding site. The
crystal structure of Ca2+-calmodulin bound to this con-
served site reveals that calmodulin recognizes two hy-
drophobic anchor residues at a novel ‘‘1-17’’ spacing
that brings the calmodulin lobes close together but
prevents them from contacting one another. NMR re-
sidual dipolar couplings demonstrate that the detailed
structure of each lobe is preserved in solution but also
show that the lobes experience domain motions within
the complex. FRET measurements confirm the close
approach of the lobes in binding the 1-17 target and
show that calmodulin binds with one lobe to a peptide
lacking the second anchor. We suggest that calmodu-
lin regulates the Ca2+ channel by switching between
the contiguous binding mode seen in our crystal
structure and a state where one lobe of calmodulin
contacts the conserved binding site while the other
interacts with a noncontiguous site on the channel.
Introduction
Calmodulin (CaM) interacts with target proteins in a cal-
cium-dependent manner that translates the second
messenger calcium into a variety of cellular responses.
Calcium binding to CaM exposes hydrophobic clefts in
each of the CaM lobes that interact with downstream
targets (Crivici and Ikura, 1995). For example, CaM-de-
pendent kinases are activated when Ca2+CaM binds to
the autoinhibitory region of the target with hydrophobic
patches in each of its two lobes to contact two hydro-
phobic anchor residues located at ‘‘1-10,’’ ‘‘1-14,’’ or
‘‘1-16’’ spacings in the primary sequence of the kinase
(Ikura et al., 1992; Meador et al., 1992, 1993; Osawa
et al., 1999). Other targets, including ion channels such
as the ryanodine receptor, interact with CaM both in
the presence of Ca2+ and in its absence (Saimi and
Kung, 2002).
The skeletal muscle ryanodine receptor (RYR1) is the
Ca2+ release channel that mediates the increase in the
intracellular calcium concentration in response to mem-
brane depolarization during neuronal stimulation. Fol-
lowing an action potential, the depolarization wave is
transmitted to the t-tubule membranes, where it induces
a conformational change in the voltage sensors, the
*Correspondence: mev@rice.eduL-type Ca2+ channels (Rios and Pizarro, 1991). RYR1
channels sense this structural rearrangement, probably
via direct mechanical coupling with the voltage sensors,
and open, allowing calcium influx into the cytoplasm
that ultimately leads to muscle contraction. After RYR1
channels close, Ca2+-ATPases transport Ca2+ back
into the sarcoplasmic reticulum, allowing the muscle
to relax.
CaM influences Ca2+ release from sarcoplasmic retic-
ulum (Meissner, 1986) by binding to the cytoplasmic do-
main of RYR1 in the presence or the absence of Ca2+,
with opposite effects on RYR1 activity: Ca2+-free CaM
(apoCaM) potentiates RYR1 opening, while Ca2+CaM in-
hibits the channel (Buratti et al., 1995; Ikemoto et al.,
1995; Tripathy et al., 1995). The purified tetrameric chan-
nel binds one CaM per subunit (Wagenknecht et al.,
1994), and a peptide corresponding to the 3614–3643 re-
gion of RYR1 (P3614–3643) binds both apoCaM and
Ca2+CaM (Rodney et al., 2001a, 2001b). The 3614–3643
region of RYR1 is well conserved across ryanodine re-
ceptors of vertebrates (Figure 1A), and point mutations
within this region affect CaM regulation of all three mam-
malian isoforms (O’Connell et al., 2002; Yamaguchi
et al., 2001, 2005, 2003). Binding of subfragments of
P3614–3643 to CaM (Rodney et al., 2001a, 2001b) and
to individual CaM lobes (Xiong et al., 2002) indicates
that the C lobe of Ca2+CaM binds tightly to the N-termi-
nal part of P3614–3643 and that Ca2+ binding to the C
lobe is important for channel inhibition.
Both CaM and the conserved CaM binding site of the
ryanodine receptor make additional interactions that un-
derlie regulation of Ca2+ release. Addition of synthetic
P3614–3643 modulates RYR1 function in sarcoplasmic
reticulum vesicles (Xiong et al., 2006; Zhu et al., 2004)
and increases the frequency of Ca2+ sparks (spontane-
ous local transient increases in myoplasmic Ca2+) 5-
fold in permeabilized muscle fibers (Rodney et al.,
2005), indicating that other portions of the channel inter-
act functionally with the 3614–3643 region. P3614–3643
binds to RYR1 region 4064–4210, which contains two
putative EF-hand motifs, suggesting that CaM and
region 4064–4210 could compete for interaction with re-
gion 3614–3643 to regulate the channel (Xiong et al.,
2006). CaM has been suggested to contact parts of the
channel outside the 3614–3643 region under conditions
of both high and low calcium (Xiong et al., 2002), and the
N lobe of apoCaM may interact with region 1975–1999
of another RYR1 protomer in the tetrameric channel
(Zhang et al., 2003). Modulation of the relative affinities
of these interactions by changes in calcium concentra-
tions could give rise to the intrinsic Ca2+ dependence
of the ryanodine receptor and to the Ca2+-dependent
regulation of channel activity by calmodulin. The exis-
tence of multiple interaction modes is directly demon-
strated by cryo-electron microscopy 3D reconstruc-
tions, which show that apoCaM and Ca2+CaM bind at
distinct but overlapping positions on the cytoplasmic
domain of the intact channel, remote from the mem-
brane spanning domains (Samso and Wagenknecht,
2002).
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1548Figure 1. The RYR1 Target Presents Hydro-
phobic Anchors on Opposite Faces of a Helix
(A) Alignment of CaM binding-site residues
3614–3643 of human RYR1 with rat and ze-
brafish RYR1 sequences and human RYR2
and RYR3 sequences. Residues identical in
at least four sequences are in boldface.
(B) Electron density for the target peptide is
well defined. Stereo pair of electron density
from the final 2Fo 2 Fc composite omit map,
contoured at 1.5 s, at the target peptide
(Trp3621–Arg3630). The final model is super-
imposed on the map.
(C) The 1-17 anchor spacing positions the
lobes of CaM on opposite sides of the helical
target. Two views of a ribbon diagram repre-
sentation of the Ca2+CaM/RYR1 peptide
complex. CaM is drawn in blue, the RYR1
peptide in white, and the four calcium atoms
are shown in red. The side chains of the
RYR1 hydrophobic residues that anchor the
two lobes of CaM are shown as sticks. Im-
ages were generated in PyMOL (DeLano
Scientific).We are investigating the structural basis for the inter-
action of CaM with its conserved binding site from rya-
nodine receptors, and we show here that both lobes of
Ca2+CaM interact in solution with a peptide correspond-
ing to the 3614–3643 region of RYR1. The 2.0 A˚ crystal
structure of Ca2+CaM bound to the 30 residue peptide
reveals an antiparallel interaction, with the C and N lobes
of CaM contacting hydrophobic anchors in the N and C
termini of the peptide at a novel 1-17 spacing that posi-
tions the CaM lobes such that they interact only with the
target, and not with each other. This binding mode per-
mits independent domain movements of the lobes as re-
vealed by NMR residual dipolar couplings. Our struc-
tural and biophysical data suggest that CaM can bind
this target with both lobes or only one lobe, which may
allow CaM to contact both the 3614–3643 region and
a noncontiguous portion of the receptor simultaneously.
Results
The CaM/RYR1 Complex Reveals a 1-17 Binding
Mode
We determined the structure of Ca2+CaM bound to the
RYR1 P3614–3643 peptide (Figure 1A) to a resolution
of 2.0 A˚ by single-wavelength anomalous dispersion
(SAD); the crystallographic statistics are presented in
Table 1. The final maps contain electron density for
residues 3614–3640 of the peptide (Figure 1B), for the
entire protein except three amino acids at both the N
and C termini, and for four well-ordered Ca2+ ions. This
conserved CaM-binding region of RYR1 contains two
putative CaM binding motifs: Val3631, Phe3636, and
Leu3641 form a 1-5-10 motif (Yamaguchi et al., 2003),
while Trp3620 and Val3633 form a 1-14 anchor spacing(Rhoads and Friedberg, 1997). The CaM/RYR1 peptide
complex reveals a compact shape that is reminiscent
of complexes of CaM with 1-10 or 1-14 targets (Rhoads
and Friedberg, 1997; Chin and Means, 2000), but an
Table 1. Crystallographic Data Collection and Refinement
Statistics
Crystal 1 Crystal 2
Data collection
Space group P212121 P212121
Cell dimensions
a, b, c (A˚) 38.11, 44.13, 90.38 38.12, 44.19, 90.45
Wavelength (A˚) 1.54 2.29
Resolution (A˚) 40.0–2.0 50.0–2.65
Rmerge 3.8 (12.9) 5.6 (9.6)
I / sI 23.2 (7.8) 47.8 (20.5)
Completeness (%) 99.9 (99.9) 98.7 (93.9)














Bond lengths (A˚) 0.008
Bond angles () 1.2
Highest resolution shell is shown in parentheses.
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1549unanticipated 1-17 spacing of the hydrophobic anchors
(Trp3620 and Phe3636) bound by CaM results in the
relative arrangement of the two CaM lobes being signif-
icantly different from any previous complex (Figure 1C).
Although both the N-terminal and C-terminal lobes of
CaM make extensive contacts with the RYR1 target pep-
tide, the lobes essentially do not interact with one an-
other (Figure 2). This contrasts sharply with the 1-14
complexes, in which CaM helices B and F (from the N
and C lobes, respectively) contact one another forming
a ‘‘latch’’ that closes the hydrophobic arc of CaM around
the target peptide (Meador et al., 1992).
The conformation of each CaM lobe in the CaM/RYR1
complex is similar to previously determined structures.
The Ca atoms of Ca2+CaM/RYR1 and Ca2+CaM (Chatto-
padhyaya et al., 1992) (PDB accession 1CLL) superim-
pose with rmsd values of 0.55 A˚ for the N lobe (residues
6–73) or 0.65 A˚ for the C lobe (residues 85–145); a similar
superposition with the structure of the CaM/smMLCK
complex (Meador et al., 1992) (1CDL) results in rmsd
values of 0.54 A˚ or 0.58 A˚ for the N or C lobes, respec-
tively. Interactions between individual CaM lobes and
the hydrophobic anchors of the target peptide are also
remarkably well conserved in other structures (Figure 3).
The N-terminal anchor in the RYR1 target, Trp3620,
forms hydrophobic contacts with Phe92, Leu105,
Met124, Met144, and Met145 from the hydrophobic cav-
ity in the C lobe of CaM; in addition, the carbonyl of
Met124 accepts a hydrogen bond from the indole NH
of Trp3620. These contacts are very similar to those of
the peptide tryptophan in the hydrophobic pocket of
the C lobe in the CaM-smMLCK (Meador et al., 1992)
and CaM-CaMKI (Clapperton et al., 2002) complexes
(see Figure 3A). The C-terminal anchor in the RYR1 tar-
get, Phe3636, which forms a novel 1-17 spacing with
Trp3620, makes extensive van der Waals contacts with
Leu32, Met51, Val55, Ile63, and Met71 from the N-termi-
nal lobe of CaM. The binding pocket for Phe3636 formed
by the CaM N lobe is very similar to the packing seen
for other second anchor residues, including Leu813 in
the CaM-smMLCK crystal structure (Figure 3B) and
Phe594 in the CaM-skMLCK NMR structure (Ikura
et al., 1992) (2BBM). In those structures, however, the
anchoring Leu or Phe completes a 1-14 spacing with
the N-terminal anchoring Trp800 or Trp581, respec-
tively. Val3633, which makes a 1-14 spacing with
Trp3620, does not form the extensive interactions ex-
pected for an anchor, although it does contact CaM
Met51 in the N lobe hydrophobic pocket. The central
linker that connects the two CaM lobes makes only
a few contacts to the RYR1 target (Figure 2) and is helical
except for residues 77 to 83, which contain a type 2
reverse turn involving residues 78–81.
In the CaM/RYR1 complex, P3614–3643 adopts an a-
helical conformation from residues 3616 to 3638, and
extensive contacts between the two CaM lobes and
the ryanodine receptor peptide result in a total buried
surface area ofw3200 A˚2. Amino acids 3615–3628 con-
tact the CaM C lobe, while amino acids 3628–3637 bind
to the N lobe; this antiparallel binding is also seen in the
complexes of CaM with 1-10 and 1-14 targets (Chin and
Means, 2000). The Ca2+CaM binding site of 3615–3637 is
in agreement with initial predictions (Takeshima et al.,
1989) and the findings of Hamilton and colleagues (Rod-ney et al., 2001b). Peptide residues Met3638 to Pro3640
form crystal contacts with symmetry-related molecules.
Polar residues Gln3627–Arg3630 in the center of the
target peptide exhibit well-ordered side chains (B fac-
tors between 16 and 25 A˚2). These residues are well con-
served among ryanodine receptors but are not present
in most other CaM targets and, thus, may be important
in the stability or specificity of CaM binding to this region
of the ryanodine receptor. Arg3628 hydrogen bonds
with the Glu84 side chain and the Glu11 carbonyl, and
a water hydrogen bonds to the Arg3628 carbonyl and
the Glu84 side chain. Arg3629 hydrogen bonds with
the carbonyl of Leu18 and makes a water-mediated con-
tact with the Ser38 side chain. Arg3630 makes water-
mediated interactions with the backbone carbonyl of
Asn111 and the Lys94 side chain. Several intrapeptide
interactions may contribute to the stability of the pep-
tide helix: a water molecule mediates the interaction
between the Arg3628 and Ser3625 side chains, and
Arg3630 hydrogen bonds to the Gln3627 side chain.
NMR 15N Relaxation Data and Residual Dipolar
Couplings Confirm the Crystal Structure
in Solution but Reveal Domain Motions
Solution NMR residual dipolar couplings (RDCs) provide
orientation information that can be used to test the valid-
ity of structural models (Tolman, 2001). Using the CaM/
RYR1 crystal structure and other structures to fit CaM/
RYR1 experimental one-bond 1H-15N RDCs for either
the N lobe or the C lobe shows that the CaM/RYR1
Figure 2. The Two CaM Lobes Bind the RYR1 Peptide without Con-
tacting Each Other
The CaM/RYR1 and CaM/smMLCK complexes are superimposed
with the Ca atoms of the peptides (RYR1 Trp3620 to Val3633 and
smMLCK Trp800 to Leu813) and are presented separately but
from the same view. In the top two panels, the complexes are pre-
sented as cartoons; the CaM N lobe (residues 3–73) is drawn in
blue, the C lobe (residues 84–145) in cyan, the central linker (residues
74–83) in white, and the peptides in red. In the RYR1 complex, heli-
ces from the N and C lobes point at each other without touching,
while in the smMLCK complex, they wrap around the target com-
pletely. The bottom two panels show space filling models from the
same view as the top panels. While the CaM lobes make extensive
contacts in the smMLCK complex on the face of the peptide oppo-
site the linker, in the RYR1 complex, the only place the lobes ap-
proach one another is adjacent to the linker.
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Lobes and RYR1 Anchors Are Similar to the
CaM/smMLCK Complex
Superposition of the Ca atoms of (A) the C
lobe of CaM (residues 84 to 146) and (B) the
N lobe of CaM (residues 5 to 75) from the
RYR1 and smMLCK complexes. Only the hy-
drophobic anchors of the peptides (Trp3620
and Phe3636 in RYR1, Trp800 and Leu813 in
smMLCK) and the CaM residues that interact
with them are shown. For the RYR1 complex,
the peptide chain is drawn as a white ribbon,
with the anchors shown as thick sticks, while
the CaM residues are shown as sticks, with
the carbon atoms colored in blue, nitrogen
in slate, oxygen in red, and sulfur in orange.
The peptide chain for smMLCK is shown in
cyan, and residues from the CaM/smMLCK
complex are represented as thin sticks.coordinates give the best fit (Table 2), and the excellent
agreement between calculated and experimental cou-
plings indicates that the conformation of each individual
CaM lobe in solution closely matches the CaM/RYR1
crystal structure (Figure 4). However, there are signifi-
cant differences in the best-fit tensors that describe the
ordering of the two lobes (Tolman et al., 2001): the N
lobe exhibits a 20% larger generalized degree of order
(8.63 1024 versus 7.13 1024) and nearly twice the rhom-
bicity of the C lobe (0.64 versus 0.33), showing directly
that the two lobes are oriented to different extents and
with different anisotropies. Thus, although the structure
of each individual lobe is well preserved between the
crystal structure and solution, the two lobes must expe-
rience different dynamic motions in solution. Consistent
with this expectation, using the crystal structure coordi-
nates to model the N-lobe and C-lobe RDCs at the same
time does not give the same high degree of agreement
between calculated and experimental couplings (see
both Figure 4 and Table 2). This contrasts sharply with
previously reported examples of 1-10 and 1-14 CaM/
peptide complexes, for which RDC data from both lobes
can be well fit with the appropriate single static structure
(Contessa et al., 2005; Mal et al., 2002). Our results are
similar to findings for a two-domain fragment from barley
lectin in which the domains experience largely indepen-
dent reorientation (Fischer et al., 1999), although in that
instance larger differences in the degree of ordering of
the two domains are observed.
While the independent fits of the RDC data to the N
and C lobes of CaM show that the two lobes experience
different motions in solution, these data do not indicate
the time scale of the motions. We used 15N relaxationexperiments to characterize the tumbling of the complex
on the nanosecond time scale, and the parameters R1,
R2, and heteronuclear NOE for labeled CaM complexed
to unlabeled P3614–3643 are presented in Figure 5. For
well-ordered amides (those that show strong heteronu-
clear NOEs), R2/R1 ratios for individual sites give local
estimates of the rotational correlation time tm that range
from 8.5 to 13.0 ns across the whole primary sequence,
suggesting that the two lobes experience similar rota-
tional diffusion (see Figure 5). Fitting 92 R2/R1 ratios
with an isotropic tumbling model gives tm = 9.51 6
0.02 ns and a reduced c2 of 6.28, whereas fitting these
same data with a prolate ellipsoid model (based on the
relative orientations of the NH bond vectors from the
crystal structure coordinates) gives tm = 9.59 6 0.02 ns
and a reduced c2 of 2.35 (Table 3). Importantly, neither
the best-fit solution nor the quality of the fit are altered
if data for only the N or C lobes are employed in the anal-
ysis, confirming that the two lobes experience the same
motions on the nanosecond time scale. The conclusion
that the variation in R2/R1 values in each lobe can be
largely explained by anisotropic tumbling of the crystal
structure coordinates is further strengthened by the
observation that the unique axis of the best-fit diffusion
tensor aligns to within 10 degrees of the smallest princi-
pal moment of inertia calculated from the crystal struc-
ture coordinates. The principal alignment frame from
the best-fit analysis using RDC data from both lobes
also aligns to within 10 degrees of these other two
frames of reference, indicating that the overall architec-
ture of the crystal structure provides a good model for
rationalizing the measured RDCs. The improved agree-
ment that is achieved by fitting RDC data for each lobeTable 2. Fitting of CaM/RYR1 Coordinates to Other Structures and to RDC Data
N Lobe C Lobe Both Lobes
RDC RDC RDC
Ca Rmsd (A˚) Rmsd (Hz) Q Ca Rmsd (A˚) Rmsd (Hz) Q Rmsd (Hz) Q
RYR1 (2BCX) — 2.04 0.19 — 1.81 0.20 4.03 0.41
smMLCK (1CDL) 0.524 3.60 0.33 0.576 3.0 0.34 4.29 0.43
CaMKII (1CDM) 0.840 2.87 0.26 0.749 1.91 0.22 4.10 0.41
CaMKK (1IQ5) 0.828 3.28 0.30 0.737 3.03 0.34 4.33 0.44
CaM (1CLL) 0.545 2.29 0.21 0.648 2.12 0.30 7.76 0.78
Superposition of Ca atoms are for residues 6–73 (N lobe) or 85–145 (C lobe) of the coordinates indicated at left with CaM/RYR1 (2BCX).
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1551Figure 4. Residual Dipolar Couplings Con-
firm Lobe Structures and Reveal Domain
Motions
Using the N-lobe (A) or C-lobe (B) coordinates
from the CaM/RYR1 crystal structure to fit the
experimental RDCs in the program REDCAT
yields good fits (R2 = 0.96, Q w0.20), and
the best fit parameters indicate different de-
grees of order: the generalized degree of or-
der is 8.6 3 1024 for the N lobe but only
7.1 3 1024 for the C lobe, and the rhombicity
(h) of the orientation tensor is 0.64 for the N lobe but 0.33 for the C lobe. Using the crystal structure coordinates to fit the N-lobe and C-lobe RDC
data simultaneously (C) yields a poorer fit, which is in part due to the different degrees of order exhibited by each lobe in solution. Errors in
determining the experimental dipolar couplings are smaller than the data symbols.independently nevertheless confirms that the lobes in
the CaM/RYR1 complex in solution must sample, at
a time scale longer than nanoseconds, relative domain
orientations that differ from our crystal structure.
The CaM Lobes Are Brought Together upon Binding
the RYR1 Target Peptide
CaM binds with varying affinity to a series of overlapping
peptides corresponding to the conserved target region
of RYR1 in both the presence and the absence of Ca2+
(Rodney et al., 2001b). The tight binding of the isolated
C-terminal lobe of CaM to P3614–3643 (Xiong et al.,
2002) and the ability of Ca2+CaM to bind under native
gel conditions to either P3614–3643 or to the N-terminal
fragment P3614–3634 (which lacks the anchor residue
Phe3636 identified in our crystal structure) suggestthat Ca2+CaM may be able to interact with RYR1 by
using either both lobes, as in our crystal structure, or
by using only its C lobe, as has been seen for the com-
plex of CaM with a peptide from the Ca2+-ATPase
(Elshorst et al., 1999). We determined how the spatial
distribution of the CaM lobes changes upon binding
targets P3614–3643 and P3614–3634 by fluorescence
resonance energy transfer (FRET) efficiency of labels
attached to the N lobe and C lobe of CaM (Drum et al.,
2000; Torok et al., 2001; Xiong et al., 2005). An
engineered CaM containing two cysteines (Thr34Cys/
Thr110Cys) labeled with fluorescent donors and ac-
ceptors (CaM(D/A)) (Xiong et al., 2005) shows 68%
quenching of donor fluorescence upon binding control
1-14 smMLCK peptide (Figure 6B). The quenching
of CaM(D/A) can be interpreted to arise from FRETFigure 5. Relaxation Data Indicate that the
Two Lobes of CaM Experience Similar Mo-
tions on a Nanosecond Timescale
The directly measured 15N relaxation param-
eters 15N NOE, R1and R2 (measured at 600
MHz) are plotted as a function of residue
number. Calculated R2/R1 ratios are also pre-
sented for all available sites; tm values esti-
mated on a residue-by-residue basis from
the R2/R1 ratios range from 8.5 to 13.0 ns
when sites with heteronuclear NOE < 0.66
are excluded.
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CaM (CaM(D)) causes minimal changes in fluorescence
(data not shown), indicating that the donor is not per-
turbed by peptide binding. The extent of FRET quench-
ing is consistent with the relative separations of the Ca
atoms of fluorophore attachment sites 34 and 110 in
the CaM/smMLCK (1CDL; 13.3 A˚) complex compared
to the Ca2+CaM crystal structure (1CLL; 52.4 A˚). Simi-
larly, titration with a 1-5-10 CaMKII peptide that results
in a 14.8 A˚ separation of the fluorophore attachment
sites in the CaM/CaMKII complex gives rise to 66%
quenching of donor fluorescence (data not shown). We
therefore use FRET as a qualitative indicator of the
spatial collapse of CaM(D/A) on RYR1 target peptides.
Addition of P3614–3643 does not affect CaM(D) fluo-
rescence but induces 42% quenching of CaM(D/A)
that saturates at one equivalent of peptide (Figure 6B).
This level of FRET is less than would be expected for
a 1-14 interaction but is consistent with the 1-17 interac-
tion in our crystal structure, which positions the Ca
atoms of fluorophore attachment 19.7 A˚ apart. Thus,
CaM collapses on binding to the P3614–3643 target.
The N-terminal fragment P3614–3634 also exhibits tight
stoichiometric binding but causes only 18% quenching
of CaM(D/A) fluorescence (Figure 6C). Because P3614–
3634 induces 15% quenching of CaM(D) fluorescence
(data not shown), the FRET contribution to quenching
is very small and is not consistent with binding in the
1-14 or 1-17 modes. Indeed, the low FRET indicates
that the lobes of CaM(D/A) collapse only slightly toward
each other upon binding P3614–3634, in contrast to the
Table 3. Rotational Diffusion Models for 15NH Relaxation Data for
CaM in the CaM/RYR1 Complex
Both Lobes (n = 92) N Lobe (n = 46) C Lobe (n = 46)
Isotropic
model
tm 9.51 6 0.02 ns 9.56 6 0.03 ns 9.48 6 0.02 ns




tm 9.59 6 0.02 ns 9.64 6 0.02 ns 9.56 6 0.03 ns
Dk/Dt 1.291 6 0.020 1.260 6 0.025 1.301 6 0.022
c2(red) 2.35 2.20 2.43
tm = (6 Diso)
21; Diso =
1/3 Dk+
2/3 Dt.extensive collapse induced by P3614–3643 binding.
These data demonstrate that there are at least two dis-
tinct modes in which full-length Ca2+CaM can bind to
peptides from this region of RYR1: in the presence of
the 1-17 anchor spacing, CaM binds with both lobes,
whereas if the second anchor is unavailable, CaM can
bind without collapsing on the target.
Discussion
Calmodulin adopts a collapsed conformation in the
CaM/RYR1 complex whereby the N and C lobes of the
protein bury the target peptide in hydrophobic pockets,
and recognition of the 1-17 spacing of hydrophobic
RYR1 anchors can be viewed as a variation of how
CaM recognizes kinase peptides with 1-10 or 1-14 an-
chor spacings. Superposition of individual lobes from
CaM/RYR1 with CaM/CaM kinase complexes that em-
ploy the 1-14 motif shows that key peptide hydrophobic
determinants interact with local elements of CaM in very
similar ways (Figure 3), and the excellent fits to solution
NMR RDCs obtained for either CaM lobe with the CaM/
RYR1 crystal structure show that each lobe structure is
closely preserved in solution (Table 2). However, the
1-17 spacing of the anchor residues on the RYR1 pep-
tide positions the two lobes of CaM such that they do
not contact one another, and thus the complex is stabi-
lized only by interactions of each CaM lobe with its own
half of the target peptide. Perhaps as a consequence of
this, the lobes experience independent domain motions
in solution such that the RDCs for the two lobes cannot
be simultaneously fit to the crystal structure. This flexi-
bility is absent in the 1-10 or 1-14 complexes studied
to date (Contessa et al., 2005; Mal et al., 2002), presum-
ably because extensive lobe-lobe contacts in these
complexes stabilize a unique orientation of the two do-
mains with respect to each other. Thus, while the 1-17
spacing seen for CaM/RYR1 places the two hydropho-
bic anchors on opposite faces of a continuous helix
formed by the target region, as do the 1-10 and 1-14
CaM binding motifs, the 1-17 complex is more flexible
and retains at least some of the two domain character
exhibited by Ca2+CaM in the absence of targets (Bar-
bato et al., 1992; Chou et al., 2001).
The structural details of the CaM/RYR1 complex help
explain some of the observations made in analyses of
CaM regulation of RYR1 function. The C lobe of CaMFigure 6. Peptides from the Conserved RYR1
Target Induce Differential Collapse of CaM
(A) Peptide sequences corresponding to the
conserved 3614–3643 CaM binding site and
the N-terminal fragment 3614–3634; the 1-17
motif residues in the longer peptide and the
putative 1-14 motif residues in the shorter
peptide are underlined.
(B and C) Fluorescence titrations of CaM(D/A)
with target peptides. 0.25 mM CaM(D/A) was
titrated with (B) P3614–3643 or (C) P3614–
3634 peptides. Peptide titrations with
smMLCK or CaMKII (not shown) each satu-
rate at one equivalent, and the spectrum for
the stoichiometric smMLCK/CaM(D/A) com-
plex is included in each panel; the spectrum
for the control CaMKII peptide overlaps the
smMLCK spectrum and is omitted for clarity.
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1553has been shown to interact tightly with the N-terminal
portion of P3614–3643 in a Ca2+-dependent manner,
and Ca2+ binding to the C lobe is critical for CaM inhibi-
tion of the intact channel (Rodney et al., 2001a, 2001b;
Xiong et al., 2002). RYR1 mutations Trp3620Ala or
Leu3624Asp, but not Leu3624Ala, prevent Ca2+CaM
binding and block CaM inhibition of the channel (Yama-
guchi et al., 2001). Our crystal structure confirms that
Trp3620 is a major determinant in the interaction of the
C lobe of Ca2+CaM with RYR1, and the effects of the
Trp3620Ala mutation can be explained by the loss of ex-
tensive contacts made by the peptide tryptophan side
chain with the hydrophobic pocket of the CaM C-lobe.
Leu3624 contacts the CaM C-lobe hydrophobic pocket
adjacent to Trp3620, and so the effect of Leu3624Asp
is presumably due to the high energetic cost of burying
a polar side chain in the hydrophobic pocket of the CaM
C lobe, whereas Leu3624Ala should result in only a small
energy penalty. The available functional data are there-
fore fully consistent with the interactions between the
C lobe of CaM and P3614–3643 in our structure being
formed between CaM and native RYR1 at high Ca2+
levels.
The interactions observed in our crystal structure be-
tween the Ca2+CaM N lobe and anchor Phe3636 do
not appear to be essential for channel inhibition by
Ca2+CaM: mutation Phe3636Ala has no effect on CaM
inhibition of RYR1 function at high Ca2+, but instead
abolishes activation of the channel at low Ca2+ by CaM
(Yamaguchi et al., 2003). Nevertheless, the contacts
seen in our structure probably occur in the native com-
plex since binding of Ca2+CaM to the full-length channel
protects Arg3637 from trypsin cleavage (Moore et al.,
1999) and blocks Cys3635 from reacting with N-ethyl
maleimide (Porter Moore et al., 1999), and these resi-
dues interact with the CaM N lobe (but not the C lobe)
in our structure. Furthermore, Met-to-Gln mutations in
either the N or C lobe CaM binding pockets (positions
71 or 124) (see Figure 3) give proteins that bind to
RYR1 about 4-fold more weakly than wild-type CaM at
high Ca2+ (Balog et al., 2003), suggesting that both rec-
ognition pockets seen in our crystal structure contribute
significantly to Ca2+CaM-RYR1 interaction. While the
functional role of the detailed C-lobe interactions seems
clear, what might be the significance of contacts be-
tween the N lobe and Phe3636?
One insight into the differential roles of the two an-
chors comes from our FRET data, which show that the
previously reported binding of P3614–3634 to CaM
(Rodney et al., 2001b; Xiong et al., 2002) induces only
minimal collapse of the lobes toward one another, in
contrast to the extensive collapse induced by P3614–
3643 (Figure 6). We propose that when both anchors
are available, Ca2+CaM binds the 3614–3643 region of
RyRs in the 1-17 manner seen in our crystal structure,
whereas if Phe3636 is not accessible, Ca2+CaM binds
to Trp3620 by using only its C lobe. The ability of the C
lobe to bind P3614–3643 in isolation (Xiong et al.,
2002), the lack of lobe-lobe contacts in the CaM/RYR1
peptide crystal structure, and the NMR evidence for do-
main motions in solution suggest that the N lobe of CaM
could release the 3614–3643 region without disturbing
the interaction of the C lobe with the target. The N lobe
might be displaced by a competing interaction partnersuch as the 4064–4210 domain of RYR1, which contains
two putative EF hands and has been shown to bind
P3614–3643 (Xiong et al., 2006). Release or displace-
ment from the Phe3636 site would leave the N lobe
free to bind an alternate, noncontiguous site on the
channel, as Hamilton and coworkers have suggested
may occur under conditions of both high and low cal-
cium (Xiong et al., 2002). The N lobe of apoCaM, in par-
ticular, is thought to contact region 1975–1999 of an-
other RYR1 protomer within the tetrameric channel
(Zhang et al., 2003). We propose that the binding of
CaM lobes to noncontiguous sites in RYR1 competes
with binding to the 1-17 site anchored by Trp3620 and
Phe3636, and that alterations in the availability of these
anchors due to conformational changes or binding of
other partners mediate the inhibition of the channel at
high Ca2+. Because region 3614–3643 of the channel
also binds a domain from region 1393–1527 of the L-
type Ca2+ channel (Sencer et al., 2001), analogous com-
peting interactions at this conserved CaM binding site
may also underlie regulation of the coupling of the L-
type Ca2+ channel to Ca2+ release by the ryanodine
receptor.
The segmental motion identified by fitting the RDC
data with the crystal structure coordinates of the individ-
ual CaM lobes differs significantly from the previously
characterized behavior of Ca2+CaM either alone or com-
plexed to target peptides. For Ca2+CaM in the absence
of a target, RDC data indicate that the N lobe is less or-
dered than the C lobe (Chou et al., 2001), and backbone
relaxation data show that the two lobes tumble with dif-
ferent correlation times (7.5 and 6.5 ns, respectively)
(Barbato et al., 1992; Chou et al., 2001; Lee et al.,
2000), indicating that the motions of the two lobes are
largely independent on the nanosecond time scale. In
contrast, while the RDC data for CaM in its complex
with RYR1 identify the N lobe as more ordered than
the C lobe, relaxation data show that both lobes experi-
ence the same rotational correlation time of 9.6 ns. The
slower tumbling of the 1-17 complex compared to 1-14
complexes of the same mass (correlation times of 8.3
ns and 7.6 ns for CaM/smMLCK and CaM/bOCNC, re-
spectively) (Contessa et al., 2005; Lee et al., 2000; Mal
et al., 2002) indicates that the 1-17 complex is aniso-
tropic, and the excellent fit of the relaxation data to an
anisotropic tumbling model confirms the relevance of
the CaM/RYR1 crystal structure to the average solution
conformation of the protein on the nanosecond time
scale. Thus, the motions that give rise to different order
tensors for the two lobes must be on a time scale longer
than nanoseconds.
Any release of the target by one lobe would be ex-
pected to lower the observed residual dipolar coupling
for that lobe according to the fraction of time spent un-
bound, and this mechanism is particularly attractive
since our FRET data show that CaM can bind the RYR1
target with one lobe. Extensive binding and functional
data (Rodney et al., 2001a, 2001b; Xiong et al., 2002) as
well as our unpublished chemical shift data indicate
that the CaM C lobe binds extremely tightly to the region
around Trp3620, suggesting that the N lobe would be
most likely to release the target. However, transient re-
lease of the N lobe from the complex is inconsistent
with the observation that the C lobe has a lower
Structure
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the ability of CaM to bind the RYR1 target with only its
C lobe may be important for channel regulation when
one of the hydrophobic anchors is sequestered by an al-
ternate binding partner, it seems unlikely that an avail-
able hydrophobic anchor would be unbound for a signif-
icant fraction of time when a lobe of CaM is tethered in
close proximity; nevertheless, we cannot formally ex-
clude this possibility. Another explanation that would
reconcile the relaxation and the RDC data is that the mid-
dle of the target peptide bends or flexes, allowing each of
the hydrophobic anchors and its flanking stretch of heli-
cal target to reorient independently with the individual
CaM lobes bound; such motions would require adjust-
ments of the CaM central linker. While the RDC findings
presented here do not uniquely define a model for the
dynamics of the complex, they do establish that the
CaM lobes maintain some structural independence even
when CaM is collapsed by binding to the contiguous hy-
drophobic anchors of the conserved CaM binding site of
the ryanodine receptor. The independence of the two
lobes of CaM in the 1-17 binding mode probably enables
CaM to switch between the contiguous binding mode
seen in our crystal structure and alternate, noncontigu-
ous binding modes that alter the activity of the channel.
Experimental Procedures
Calmodulin Expression and Purification
Mammalian CaM was expressed from pET15b constructs in BL-
21(DE3) cells at 37C in Terrific Broth. Pelleted cells were resus-
pended in 50 mM Tris-HCl (pH 7.5), 100 mM KCl, 1 mM EDTA, 1
mM DTT, incubated with lysozyme for 30 min, and broken by sonica-
tion. Calmodulin was purified by using a modification of a published
procedure (Maune et al., 1992), consisting of an ammonium sulfate
precipitation and purification over phenyl Sepharose and Hi-Prep
Q XL anion exchange chromatography columns (Amersham Phar-
macia). The purified protein was dialyzed for 24 hr against 0.1 mM
CaCl2, for another 24 hr against water, and then lyophilized.
Peptide Synthesis and Purification
Peptides were synthesized by Tufts University Analytical Core Fa-
cility. The peptides were purified by reversed-phase HPLC and
analyzed by mass spectrometry to confirm the molecular weight.
Crystallization and Data Collection
Before crystallization screenings, lyophilized protein was resus-
pended to a final concentration of 1 mM in a solution containing
10 mM Tris-HCl (pH 8.0), 100 mM KCl, 10 mM CaCl2, and 5 mM
DTT. Lyophilized peptide was resuspended in 5 mM DTT and then
added to the protein solution to a molar stoichiometry of 1.25:1 (pep-
tide:protein). The best crystals were obtained by the sitting drop va-
por diffusion method at 20C, one to two weeks after mixing equal
volumes of protein complex and crystallization solution (23% PEG
4000, 0.1 M sodium acetate [pH 4.7], 5 mM DTT). Before flash freez-
ing, crystals were transferred for several minutes into a cryoprotec-
tant solution containing the mother liquor and 20% PEG 400.
Ca2+CaM bound to P3614–3643 crystallizes in the space group
P212121 with one complex in the asymmetric unit and a solvent con-
tent of 34%. A 2.6 A˚ chromium Ka dataset was collected from one
crystal at 100 K on a Rigaku/MSC system (Rigaku/MSC, The Wood-
lands, TX) consisting of a rotating-anode X-ray generator with
a chromium anode, Confocal MaxFlux (Cr CMF) multilayer optics,
a helium beam path, and a large-aperture R-AXIS IV detector
(Yang et al., 2003). A ‘‘native’’ dataset was collected from a second
crystal at 100K to 1.8 A˚ resolution by home-source copper Ka radi-
ation. Data reduction, merging and scaling were performed with
HKL2000 for the chromium dataset and with CrystalClear and
d*trek for the copper dataset (Pflugrath, 1999). Data statistics are
summarized in Table 1.Structure Determination
The structure of the CaM-RYR1 peptide complex was determined by
single-wavelength anomalous dispersion (SAD) with the anomalous
scattering of sulfur and calcium atoms at the chromium Ka wave-
length (Yang et al., 2003). The positions of the anomalous scatterers
(four Ca2+ ions and 11 sulfurs, including two sulfur atoms from the
peptide) were determined in the program SHELXD (Schneider and
Sheldrick, 2002) with the chromium dataset (resolution limits 16.7
to 2.65 A˚). These positions were input into SHARP (de La Fortelle
and Bricogne, 1997) for refinement and phase calculation and the ex-
perimental phases were improved by density modification proce-
dures (solvent flipping by using SOLOMON and DM). The 2.65 A˚
SHARP experimental electron density map was of sufficient quality
to allow manual building and/or placement of partial molecular re-
placement models. First, the N lobe (residues 4–69) of Ca2+CaM
(4CLN) was used in a crossrotation and phased translation molecular
replacement search in CNS and placed into density. Subsequently,
increasingly larger fragments of the C lobe were fitted into the elec-
tron density, followed by manual building of the ryanodine receptor
peptide chain and the central region of CaM (residues 75–85).
The model was refined in CNS (Brunger et al., 1998) against the
copper data to a resolution of 2.0 A˚. The procedure started with rigid
body and conjugate gradient minimization refinement steps, fol-
lowed by several cycles of simulated annealing torsion angle refine-
ment and B factor refinement combined with manual rebuilding in O
(Jones et al., 1991). Both experimental and 2Fo 2 Fc composite an-
nealed omit maps were used throughout the rebuilding process. The
stereochemistry of the final model was verified with PROCHECK.
The electron density for the CaM central linker (residues 76–82) is
weak, and the overall temperature factors are also much higher in
this region (w50 A˚2) compared with the values for the rest of the
structure (w24 A˚2). The current model contains 143 CaM residues,
27 peptide residues, and 80 water molecules, with R = 21.0% and
Rfree = 24.9%.
RDC Measurements
NMR samples of 15N- or (13C,15N)-labeled CaM in complex with
P3614–3643 were prepared in 5 mM CaCl2, 100 mM KCl, 10% D2O
at pH 6.5. Aligned samples for RDC measurements also contain 15
mg/ml filamentous phage Pf1 (Asla Labs). Sequential assignment
of 125 out of 146 (85%) of the backbone amides of CaM in complex
with the RYR1 peptide was obtained by standard triple-resonance
NMR experiments (Cavanagh et al., 1996); the majority of the unas-
signed resonances are for linker residues 74 to 85. 1H-15N dipolar
couplings were measured by a two-dimensional IPAP-type HSQC
experiment (Ottiger et al., 1998). RDC data were analyzed, and crys-
tal structures were fit to the experimentally measured couplings in
the program REDCAT (Valafar and Prestegard, 2004).
15N Relaxation Measurements and Analysis
T1, T2, and heteronuclear
1H-15N NOE data were measured at 35C at
600 MHz by standard pulse sequences (Barbato et al., 1992), and ad-
ditional data were acquired at 500 and 800 MHz. Eight time points
were collected for T1, with delays of 30, 70, 140, 270, 400, 770,
1090, and 1490 ms, and six for T2, with delays of 16.5, 33.0, 49.5,
66.0, 115.4, and 148.4 ms. T1 and T2 relaxation data were fitted
with the CurveFit program from the Palmer lab (http://www.
palmer.hs.columbia.edu/software.html). In the heteronuclear NOE
experiment, a relaxation delay of 4 s was used for each scan. The ro-
tational correlation times for each individual well-ordered amide
(heteronuclear NOE > 0.66) were estimated from the R2/R1 ratio by
using the R2R1_tm routine from the Palmer lab, and the R2/R1 ratios
were globally fit to isotropic or anisotropic models in the program
R2R1_diffusion.
FRET Measurements
Fluorescence donor labeled CaM (CaM(D)) and donor/acceptor
labeled CaM (CaM(D/A)) were obtained by labeling Thr34Cys/
Thr110Cys CaM with 1,5-IAEDANS (the donor) and DDPM (the
acceptor) as previously described (Xiong et al., 2005). CaM(D) or
CaM(D/A) (0.25 mM) in 25 mM Tris-HCl (pH 8.0), 10 mM CaCl2,
100 mM KCl, 1 mM dithiothreitol was incubated with increasing
amounts of P3614–3643, P3614–3634, smMLCK (ARRKWQKTGHA
VRAIGRLSS), or CaMKII (FNARRKLKGAILTTMLATRN) peptides.
A Flexible Calmodulin/Ryanodine Receptor Complex
1555Emission scans (400–600 nm) were recorded at room temperature
with the excitation wavelength set at 334 nm, and fluorescence
was quantified by integrating the intensity values for the interval
475–550 nm.
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